Abstract. The stratospheric water vapour mixing ratio inside, outside, and at the edge of the polar vortex has been accurately measured by the FLASH-B Lyman-Alpha hygrometer during the LAUTLOS campaign in Sodankylä, Finland, in January and February 2004. The retrieved H 2 O profiles reveal a detailed view on the Arctic lower stratospheric water vapour distribution, and provide a valuable dataset for the validation of model and satellite data. Analysing the measurements with the semi-lagrangian advection model MI-MOSA, water vapour profiles typical for the polar vortex' interior and exterior have been identified, and laminae in the observed profiles have been correlated to filamentary structures in the potential vorticity field. Applying the validated MIMOSA transport scheme to specific humidity fields from operational ECMWF analyses, large discrepancies from the observed profiles arise. Although MIMOSA is able to reproduce weak water vapour filaments and improves the shape of the profiles compared to operational ECMWF analyses, both models reveal a dry bias of about 1 ppmv in the lower stratosphere above 400 K, accounting for a relative difference from the measurements in the order of 20%. The large dry bias in the analysis representation of stratospheric water vapour in the Arctic implies the need for future regular measurements of water vapour in the polar stratosphere to allow the validation and improvement of climate models.
Introduction
Water vapour is a chemically, physically, and radiatively active trace gas, and its distribution in the stratosphere determines significant climatic implications. The observed inCorrespondence to: M. Maturilli (mmaturilli@awi-potsdam.de) crease in stratospheric water vapour Evans et al., 1998; Oltmans et al., 2000 , Rosenlof et al., 2001 ) is believed to contribute to the recent downward trend in stratospheric temperatures (Forster and Shine, 1999; Smith et al., 2001; Oinas et al., 2001) , and its changing concentration modifies the stratospheric radiative balance. Furthermore, stratospheric humidity has an influence on ozone depletion by affecting both the formation temperature of polar stratospheric clouds (PSCs) and the polar vortex temperatures themselves (Kirk-Davidoff et al., 1999) .
In the absence of condensation, the stratospheric water vapour abundance is controlled by photochemistry and dynamics. In the upper stratosphere, methane oxidation accounts for the primary water vapour source within the stratosphere (Abbas et al., 1996; Michelsen et al., 2000) , generally leading to an increase of H 2 O from the lowermost stratosphere to the stratopause. In the tropics, vertical transport from the troposphere provides the other important source of stratospheric water vapour, limited by freeze drying at the cold tropical tropopause (Brewer, 1949) .
The overall hemispheric water vapour distribution arises from the superimposed general circulation that accumulates trace gases by descent within the polar vortex. While in the midlatitudes rather constant values of about 4 to 5 ppmv H 2 O are found in the lower stratosphere (Ovarlez and Ovarlez, 1994; Schiller et al., 1996) , the downward transport within the polar vortex yields higher water vapour mixing ratios from the source regions. Consequently, a horizontal gradient across the vortex edge arises in the lower stratosphere with higher mixing ratios inside than outside of the vortex as far as dehydration by sedimenting PSC particles can be excluded.
The water vapour mixing ratio inside and in the vicinity of the polar vortex has been accurately measured by several balloon-borne sensors during the LAUTLOS campaign in Sodankylä, Finland, in January and February 2004. The retrieved H 2 O profiles reveal a unique view on the lower stratospheric water vapour distribution in the Arctic, and present a valuable dataset for the validation of model and satellite data. The actual quantity of stratospheric water vapour in the Arctic is an important parameter not only for ozone chemistry, but also to infer the radiative budget and the resulting vertical motion inside the polar vortex.
In our study, we combine the stratospheric H 2 O profiles measured by the FLASH-B Lyman-Alpha hygrometer during the LAUTLOS campaign and the semi-lagrangian advection model MIMOSA . The model has been validated earlier and proven to be an excellent tool to analyse small scale dynamical structures at the edge of the polar vortex (Heese et al., 2001; Müller et al., 2003) . To proceed from qualitative studies to the quantitative comparison of measurements and model analysis, we introduce operational stratospheric ECMWF specific humidity analyses to be compared with the measured H 2 O profiles. Taking advantage of the high resolution achieved with the MIMOSA advection scheme, we further analyse the Arctic water vapour distribution by applying MIMOSA three-dimensional field reconstructions to specific humidity fields. (Vömel et al., 1995; Oltmans et al., 2000) , the Colorado University cryogenic frostpoint hygrometer and the Fluorescent Advanced Stratospheric Hygrometer for Balloon (FLASH-B) that has been developed at the Central Aerological Observatory in Russia (Yushkov et al., 1998; . Due to the more consistent dataset during the campaign, we refer in our study to the measurements of the FLASH-B hygrometer, in the following noted as FLASH. The instrument applies the photofragment fluorescence method (Kley and Stone, 1978; Bertaux and Dellanoy, 1978) which is based on the photodissociation of H 2 O molecules when exposed to radiation with wavelengths λ<121.6 nm (Lyman-Alpha hydrogen emission), here provided by a hydrogen discharge lamp. The generated electronically excited OH relaxes to the ground state by fluorescence in the 308-316 nm range, as well as by collision with air molecules. FLASH detects the OH fluorescence with a photomultiplier run in photon counting mode, and the intensity of the fluorescent light is directly proportional to the water vapour mixing ratio under stratospheric conditions with negligible oxygen absorption. As the instrument uses an open layout it is only suitable for nighttime measurements at solar zenith angles larger than 98 • . FLASH-B is a light-weight (∼1 kg) and small size (150 mm×200 mm×350 mm) instrument with an estimated total uncertainty of less than 10% under stratospheric conditions. The FLASH measurements have been validated by the long-established NOAA-CMDL hygrometer, and the instrument has been approved to provide stratospheric water vapour data of similar quality (Vömel et al., 2005 1 ). Good agreement of the FLASH measurements has also been found with ground-based microwave observations (Deuber et al., 2005) . During the campaign, 11 profiles of water vapour in the stratosphere have been detected by FLASH between 29 January and 25 February 2004. The stratospheric payloads were launched at 17:00 UTC, reaching the stratosphere at about 18 UTC. Due to contamination effects while ascending in the plume of the balloon, only descent data are taken into account. Overall, measurements have been taken inside, outside and at the edge of the polar vortex according to its location relative to the launch site. During the campaign period, the lower and mid-stratosphere showed a highly disturbed temperature and circulation pattern as a consequence of a major warming. At the end of January 2004, the vortex split into one centre over the west-siberian plain and a second centre over northern Europe. The cold pool was situated over Northern Siberia where the main vortex reinforced during February.
The correlation of the dynamical progression of the polar vortex and the stratospheric water vapour distribution is analysed by applying the semi-lagrangian advection model MIMOSA as described in the next sections. The LAUTLOS campaign yields the first dataset of high-resolution stratospheric water vapour profiles in the Arctic over a time period of about 1 month, and thus provides an excellent source for model validation.
Behaviour of water vapour in the proximity of the polar vortex
In the absence of condensation and freezing, water vapour is a valuable tracer for stratospheric transport processes since its photochemical lifetime in the lower stratosphere is in the order of years (Brasseur and Solomon, 1984) . Along with the general circulation, stratospheric water vapour is descending inside the polar vortex, causing both a vertical gradient with higher mixing ratio in higher altitudes, and a horizontal gradient across the vortex edge. The vortex edge itself is usually not characterized by a simple first order discontinuity in potential vorticity, but tends to filamentation caused by the irreversible breaking of planetary waves (Appenzeller and Holton, 1997) . These mesoscale filament structures and the according distribution of tracers in the proximity of the polar vortex are commonly simulated using either the reverse domain filling or the contour advection technique (Waugh et al., 1994; Newman et al., 1996) . Also Lagrangian models have MIMOSA equivalent latitude (Nash et al., 1996) proven to reliably reproduce filamentary structures especially in the polar regions (e.g. McKenna et al., 2002) . In our study, we apply the semi-lagrangian advection model MI-MOSA to the period of the LAUT-LOS campaign. Based on the operational 6-hourly ECMWF wind and temperature data extracted on pressure levels with 1.125 • ×1.125 • horizontal resolution, the MIMOSA transport scheme produces tracer fields with 0.3 • horizontal resolution on interpolated isentropic surfaces. To analyse the dynamical influence on the measured water vapour profiles, the MIMOSA model is operated advecting potential vorticity (PV) in order to reproduce the large and fine scale structures of the polar vortex. It should be mentioned that advected potential vorticity is a derived quantity that is conserved on isentropic surfaces and correlates with the ozone or water vapour concentration in the lower stratosphere. Advected potential vorticity values are probably higher than PV within filaments since the latter is poorly conserved due to radiative and dynamical processes. In order to correct for diabatic changes, the advected PV field is continuously relaxed toward the ECMWF PV (that takes into account for radiative processes and vertical descent) with a time constant of around 10 days. In fact, potential vorticity is assumed to be conserved on isentropic surfaces in the lower stratosphere in a period of 1-2 weeks . A first comparison between MIMOSA advected potential vorticity and water vapour in the lower polar stratosphere has been found a good proxy to qualitatively explain water vapour layering (Müller et al., 2003) .
As the polar vortex deformed and shifted largely during the LAUTLOS campaign, the balloon-borne instruments launched in Sodankylä detected different parts of the polar vortex' interior and exterior as shown in Fig. 1 . In the upper panel, the MIMOSA results of PV advection on isentropic levels are presented as contour cross-section in function of time and altitude, applying modified PV according to Lait (1994) normalized at 475 K in order to remove the conventional PV's exponential growth with height for an isothermal atmosphere. While the first stratospheric payloads were launched inside of the vortex, the station was clearly out of the vortex after 8 February 2004. In the last third of the campaign, the soundings were performed in the vicinity of the vortex edge, as confirmed by the vortex edge criteria defined by Nash et al. (1996) . In the centre panel of Fig. 1 , a similar cross-section shows the equivalent latitude estimated from the PV field according to Nash et al. (1996) . The equivalent latitude represents the latitude that an air mass would have if the polar vortex was centred at the pole, as the Ertel PV isolines are transformed on an equivalent area map projection, symmetrically arranged around the pole. The advected equivalent latitude thus allows a better characterization of the air mass origin in terms of original location relative to the polar vortex rather than in terms of geographical latitude. Underneath the cross-sections, examples of water vapour profiles measured by FLASH are given together with the water vapour profiles from the closest grid point in operational ECMWF analyses (Fig. 1, lower panel) .
On 6 February 2004, the secondary vortex centre was covering northeastern Scandinavia, and the balloon entered the vortex at about 400 K. The smooth increase of water vapour with altitude observed by FLASH represents the typical vertical distribution inside the polar vortex, where large scale descent replenishes water vapour from the high stratosphere. While below the polar vortex, in the lowermost stratosphere, a water vapour mixing ratio of about 4 ppmv is found, values above 550 K exceed 6 ppmv. The high equivalent latitude confirms that the hygrometer sampled air from inside the vortex.
The polar vortex had then moved further eastward, leaving Scandinavia under the influence of mid-latitude and tropical air in the stratosphere on 11 February 2004. FLASH has detected air from clearly outside of the polar vortex. Water vapour mixing ratios are about 4 to 5 ppmv throughout the profile, as typical for mid-latitude air (Ovarlez and Ovarlez, 1994; Schiller et al., 1996) . Equivalent latitude values ranges from 45 • in the lower part of the profile to 25 • in the upper part.
On 17 February 2004, the vortex was located northeast of Scandinavia with large filaments wrapped around the edge caused by the stirring dynamics of the preceding days. The balloon trajectory transits mid-latitude air, polar air and air from lower latitudes. The measured water vapour peaks at altitudes of 525 K and 450 K potential temperature, indicating the encounter of polar vortex filaments. While the midlatitude air holds less than 5 ppmv H 2 O, the vortex filament at 525 K holds about 6 ppmv H 2 O. The equivalent latitude field shows the presence of layers originating in mid-latitude regions (lower part of the profile) and at the vortex edge (525 K). In the upper part of the profile (575 K), air from lower equivalent latitudes (30 • ) pronounces the strong vertical water vapour gradient observed around the polar air peak at 525 K. By 23 February the polar vortex had shifted towards Scandinavia, however the modified PV shows that it was rather the inner vortex edge region that covered the stratosphere above Sodankylä. The complex structure of the measured water vapour profile again indicates the influence of different air-masses. Below 450 K, the constant values of about 4.5 ppmv are obviously related to air originating from the mid-latitudes, as confirmed by the equivalent latitude. Above that level, the profile is composed by interleaving layers originating from middle to high equivalent latitudes, giving a very irregular vertical gradient to the measured water vapour.
Overall, the high-resolution PV fields and equivalent latitude simulated with MIMOSA allow to interpret the differences in the measured water vapour profiles to be caused by the different origin of air, with vortex air containing about 1-2 ppmv more water vapour than the surrounding midlatitude air. The good correlation of MIMOSA PV structures and the observed water vapour profiles implies that the lower stratospheric water vapour distribution in the absence of condensation is controlled by dynamics which are well represented by the horizontal wind field provided by ECMWF.
Comparison with stratospheric humidity analyses
The observed vertical water vapour distribution has qualitatively been proven to be affected by large scale vortex descent and mesoscale processes at the vortex edge. Regarding the water vapour quantity, the measured profiles are now compared to the stratospheric water vapour distribution as given by the operational ECMWF stratospheric humidity analyses. The ECMWF parameter specific humidity has been converted to water vapour volume mixing ratio by multiplying with 1.6×10 6 in order to allow the direct comparison with the humidity quantity measured by the FLASH instrument. In the vertical, the ECMWF analysis data have been interpolated to potential temperature levels with steps of 25 K. A first confrontation of ECMWF analyses and FLASH measurements is given by the water vapour profiles in Fig. 1 (lower panel).
To systematically analyse the deviation of all profiles, the high-resolution FLASH profiles have been adapted to the 25 K height steps by averaging the water vapour mixing ratio in the according theta level +/ 5 K. The deviation of the operational ECMWF humidity analyses from the measured profiles up to 625 K is shown in Fig. 2 . Obviously, in the lower stratosphere above 400 K the analysis data are generally much dryer than the observations. No dependence on the location relative to the vortex was substantiated, e.g. if the profile was detected inside, outside or at the edge of the polar vortex. Yet, looking separately at each of these three subgroups assorted according to the relative vortex location, it was found that the deviation slightly increased with time during the campaign period, indicating a possible problem with the vertical replenishment in the model. On average, a dry bias of about 1 ppmv is found throughout the lower stratosphere, accounting for a relative difference from the measurements in the order of 20%.
Improvement of the H 2 O model representation in the lower stratosphere is expected to be achieved by reconstructing the analysis humidity distribution with the MIMOSA advection scheme. In a first approach, the MIMOSA transport is directly applied to the operational ECMWF analysis humidity as initial tracer. The fine scale horizontal water vapour distribution from MIMOSA-ECMWF on the 555 K potential temperature level is shown in Fig. 3 for 17 and 23 February. The first case is characterised by the presence of an elongated filament peeled off the polar vortex. A thin tongue of mid-latitude air originating from the North Pacific region is enclosed by the filament and the vortex. By February 23 the polar vortex had moved, covering the northern part of Scandinavia while the major part of the former vortex filament is now explicitly separated from the vortex. In fact, higher water vapour mixing ratios originating from vortex filamentation are now found in the North Pacific region. Similar phenomena on larger time scales have been described by Durry and Hauchecorne (2005) for mid-latitude stratospheric H 2 O soundings during early summer. As for the Sodankylä H 2 O measurement on 23 February, the hygrometer was launched in the inner vortex edge region where both H 2 O rich and drier air-masses are present, originating from polar and midlatitudes, respectively.
In Fig. 4 , some examples of H 2 O profiles resulting from the MIMOSA advection of ECMWF humidity are shown together with those measured by FLASH. For the profiles composed of layers with different origin (e.g. 17 and 23 February 2004), MIMOSA is capable to produce filamentary structures in water vapour. Generally, the largest improvements of the MIMOSA three-dimensional field reconstruction compared to the operational ECMWF analysis are found in regions where strong gradients in humidity occur. Obviously, the largest horizontal water vapour gradient is found at the polar vortex edge where filamentation leads to laminae structures in the vertical H 2 O profile. Due to the small scale structures, a high resolution of transport processes is necessary to resolve the vortex edge region and the according tracer distribution in a realistic way. The MIMOSA horizontal transport based on the ECMWF wind field is proven to match the observed trace gas structures and to qualitatively provide the H 2 O distribution in the Arctic stratosphere. Still, the quantitative deviation of the MIMOSA advected humidity to the measured profiles remains in the order of 1 ppmv due to the dry bias introduced by the initial ECMWF stratospheric humidity analyses. Using ECMWF data with the higher vertical resolution of model levels instead of pressure levels may result in a better representation of small scale structures, but has no significant influence on the humidity quantity. The MIMOSA-ECMWF overall stratospheric water vapour distribution above Sodankylä is shown in the altitude-time cross-section in Figure 5 , reflecting the vortex movement above the station as described by the modified PV in Fig. 1 .
In a second approach to improve the H 2 O model representation, the correlation between water vapour and modified PV is used to reconstruct the H 2 O distribution with MIMOSA. Here, the quantitative correlation between measured water vapour and MIMOSA modified potential vorticity (MPV) is calculated on individual potential temperature ( ) surfaces, for convenience grouped to 3 major potential temperature layers centred at 395 K, 490 K, and 595 K, respectively. These layers (350 to 440 K, 440 to 540 K, and 540 to 630 K) have been chosen to cover the maximum number of available measurements as well as the maximum variability in PV. For all February measurements, the H 2 O data are included and combined with the MIMOSA MPV values on -levels in steps of 10 K, thus about 100 H 2 O-MPV data pairs contribute to the correlation of each potential temperature layer shown in Fig. 6 . Clearly, the validity of such an empirical correlation between water vapour and modified potential vorticity is restricted to the time and region of enhanced stratospheric water vapour measurement activity, respectively, as well as to conditions where stratospheric water vapour can be considered a passive tracer. The initial water vapour field for the MIMOSA advection is then generated via the PV field by applying the retrieved empirical correlation. The approach is justified by the fact that the comparison between MPV and water vapour has been shown to be robust. Nevertheless, this second method can be considered valid only for the PV range where sufficient water vapour data points are available. The altitude-longitude cross sections of the water vapour distribution as reconstructed with both approaches, the MI-MOSA advection applied directly to ECMWF humidity on the one hand and associated with the empirical H 2 O-MPV correlation on the other hand, are shown in Figs. 7 and 8 together with the measured water vapour profiles above Sodankylä for 17 and 23 February, respectively.
On 17 February, the filamentary structure identified earlier in the horizontal map appears from 500 K to 600 K in the vertical and is tilted with longitude. Moreover, air with low H 2 O mixing ratio is confined between the filament and the vortex. The water vapour distribution achieved from the H 2 O-MPV correlation shows a similar pattern, but the absolute values cover a wider range and the filament appears more clearly defined. In fact, the comparison of the measured and reconstructed H 2 O profiles (Fig. 7, right panel) shows that the PVbased reconstruction allows not only to reproduce more accurately the vertical gradient but also to minimise the overall bias. In general, the measured H 2 O data show a larger variability at the edge of the polar vortex with respect to the ECMWF analyses humidity. Combined with the broad range of PV values in the vicinity of the vortex, a more detailed and more accurate description of the vertical H 2 O gradient is achieved when applying the H 2 O-MPV reconstruction.
Similar analysis can be carried out for 23 February, when measurements were taken in the proximity of the vortex edge. The constant low water vapour values measured below 450 K suggest that the hygrometer was outside the polar vortex in this lower part of the profile. Above, it is possible to identify a main layer of vortex air, interleaved with remnants of mid-latitude air between 500 and 525 K, and by inner-vortex air at 550 K. Both ECMWF humidity and MPV-H 2 O MIMOSA reconstructions qualitatively show the presence of such structure, but only the PV-based reconstruction improves also quantitatively by better representing the vertical gradient and significantly reducing the bias. 
Discussion
It has been shown that MIMOSA is able to reproduce weak water vapour filaments from ECMWF analysis humidity, but obviously the large bias induced by the initial H 2 O field exceeds by far any improvement introduced by the better representation of the dynamical field. When comparing the water vapour data given by the initial ECMWF humidity field and the balloon-borne FLASH measurements, large discrepancies are found because the model strongly underestimates the lower stratospheric humidity. While we focus on the Arctic lower stratosphere, similar deviations of the model have been noted earlier for aircraft measurements in the extratropical UTLS region (Ovarlez et al., 2000) and for UARS data in the tropical middle stratosphere (ECMWF Newsletter No.82 www.ecmwf.int/publications/newsletters/). It is known that ECMWF stratospheric analyses had been too dry when methane oxidation in the upper stratosphere was not yet implemented (Simmons et al., 1999) . This high level H 2 O source has now been amended, and the representation of the ECMWF stratospheric humidity distribution has been further improved with the higher vertical resolution of the model, as transport processes are reproduced on more realistic timescales in the 50-level simulations (Simmons et al., 1999 ). Yet in the ECMWF analysis system, stratospheric humidity evolves solely according to the dynamical and parameterized physical processes within the model and thus depends completely on the tropical tropopause temperature as stratospheric entry parameter, as well as on the strength of the meridional circulation.
The underestimation of stratospheric humidity may lead to large errors e.g. in the calculation of radiative heating rates, or in the determination of the potential polar stratospheric cloud volume that critically depends not only on temperature but also on the water vapour mixing ratio (Hanson and Mauersberger, 1988; Marti and Mauersberger, 1993) . Our study underlines the need for further reliable measurements of stratospheric water vapour for the validation of climate models.
Summary
During the LAUTLOS campaign in January and February 2004, water vapour profiles have been measured from Sodankylä, Finland, by different balloon-borne sensors. The retrieved dataset of high-resolution stratospheric water vapour profiles observed by the Russian FLASH-B instrument provides an excellent source for model validation in the Arctic region, as the measurements cover a period of about one month. As the polar vortex deformed and shifted during the campaign period, the water vapour mixing ratio was detected inside and in the vicinity of the polar vortex. To analyse the effects of the winter stratosphere dynamics on the water vapour distribution, we combined the H 2 O profiles measured by FLASH with the semi-lagrangian advection model MI-MOSA. By correlating water vapour and potential vorticity as described in Müller et al. (2003) , it was possible to identify water vapour profiles typical for the polar vortex interior and exterior. Furthermore, laminae in the water vapour profiles have been assigned to dynamically caused filamentary structures at the vortex edge. The structures in the high-resolution PV fields simulated with MIMOSA correlate well with the observed water vapour mixing ratio, implying that in the absence of condensation the lower Arctic stratospheric water vapour distribution is purely controlled by dynamics that are well represented by the initial horizontal wind field provided by ECMWF.
To proceed to a quantitative comparison of measured and simulated stratospheric water vapour, specific humidity from operational ECMWF analyses has been 3-dimensionally advected as passive tracer by MIMOSA. Although filamentary structures become also apparent in the resulting H 2 O mixing ratio fields, large discrepancies occur when comparing the profiles with the measurements. The lower stratosphere above 400 K is generally too dry by about 1 ppmv throughout the lower stratosphere both in the initial ECMWF and the MIMOSA fields. With total H 2 O mixing ratios of about 4 to 6 ppmv, the dry bias of the models is in the order of 20%. Apart from the large quantitative deviation, MIMOSA appears to generally reproduce the shape of the profiles better than the ECMWF analysis with the largest improvement in the region of the strongest horizontal water vapour gradient (at the vortex edge). Although MIMOSA has been proven to rudimentary reproduce water vapour filaments, the large bias induced by the initial H 2 O field exceeds by far any improvement introduced by the better representation of the dynamical field. Similar discrepancies of the H 2 O field given by the operational ECMWF analyses have been found earlier for measurements in the extratropical UTLS region (Ovarlez et al., 2000) and in the tropical middle stratosphere. The deviation of the model from the observations emphasizes the problem in using ECMWF analysed stratospheric humidity for e.g. the calculation of radiative heating rates.
To achieve an improvement of the simulated stratospheric water vapour in the vicinity of the polar vortex, we calculated the quantitative correlation between water vapour measured during the LAUTLOS campaign and the modified potential vorticity. The MIMOSA transport scheme was then initialised with the given MPV-correlated water vapour distribution, reproducing water vapour mixing ratio in good agreement with the measurements. The method may improve the model description of the water vapour in the stratosphere, but is clearly restricted to periods of enhanced stratospheric H 2 O measurement activity.
The presented comparison has impressively proven that there is a large dry bias in the ECMWF analysis representation of stratospheric water vapour in the Arctic, and that future regular measurements of water vapour in the polar regions are essential for the validation and improvement of climate models.
